mitochondrial fraction directly demonstrated import. In vitro experiments showed that the unspliced mutant tRNA'T, in contrast to the spliced wild-type form, was no longer a substrate for the cognate aminoacyl synthetase. The presence of uncharged tRNA in the mitochondria demonstrated that aminoacylation was not coupled to import.
The transport of nuclear encoded RNAs into mitochondria has been implicated in a variety of higher plants and protozoa (5, 16) . These RNAs are tRNAs and can represent either a small subset (higher plants) (13) or the whole set (trypanosomes and Leishmania spp.) (8, 19) of mitochondrial tRNAs. tRNA import has also been postulated for Saccharomyces cerevisiae, even though the yeast organellar genome encodes all tRNAs necessary for protein synthesis. For the latter, hybridization data suggest that a single nuclear encoded tRNA, tRNALYS, is imported into the mitochondria. The function of the imported tRNALYS, however, is unclear, as this tRNA cannot be aminoacylated by the mitochondrial charging enzyme (14, 23) . The evidence for mitochondrial RNA import is based almost exclusively on indirect data: the hybridization of mitochondrial RNAs to nuclear DNA but not to mitochondrial DNA and the inability to find a complete set of tRNA genes in the mitochondrial genome. An alternative explanation for these data is possible: the existence of RNA editing in plant and trypanosomal mitochondria (20, 25) has made it impossible to rule out the possibility that mitochondrial tRNAs are created by extensive modification of transcripts from cryptic mitochondrial genes. This is not just a formal possibility, since the editing of mitochondrial tRNAs was recently shown for Acanthamoeba castellanii (11) . There is only one species, potato, in which RNA import was confirmed by more direct genetic methods: transgenic potato plants carrying a heterologous tRNAIeU gene from bean nuclear DNA were shown to contain RNA transcribed from the introduced gene in both the cytosolic fraction and the mitochondrial fraction (21) .
The tRNA may or may not be complexed with proteins during import. In the first case, it may use its own import system, whereas in the second case, it may be imported through the protein import channel. Recently (24) . This result shows that in principle, the protein import machinery is able to transport nucleic acids. In Phaseolus vulgaris and Tetrahymena thermophila, identical aminoacyl synthetases appear to be responsible for charging both the nuclear encoded imported tRNAs and their cytosolic counterparts, suggesting that these synthetases may act as cotransporters (7, 22) .
Trypanosoma brucei provides an excellent system with which to study mitochondrial RNA import, since evidence suggests that not just a few but all of the tRNAs are imported (8) and since genetic techniques can easily be applied (1, 6) . We developed an in vivo system for assaying mitochondrial RNA transport and used it to validate the hypothesis that tRNAs encoded in the nucleus are imported into mitochondria and not created inside mitochondria by RNA editing.
MATERIALS AND METHODS
Strains. The wild-type strain used was the procyclic form of T. brucei IsTat 1.1. The transformed strain was previously derived from IsTat 1.1 by stable transformation with plasmid pHyg-Sup as the transfecting DNA. The transformant contains four point mutations in the anticodon stem-loop of one of the two tRNATYr gene alleles (18 (8, 19) . Deamination is necessary to stabilize the aminoacyl-tRNA bond and prevent deacylation at pH 8.0 during gel electrophoresis. The samples were electrophoresed on an 8 M urea-10% acrylamide gel and visualized by fluorography. As a control, to visualize charged and uncharged tRNAryrs, duplicate samples were aminoacylated with nonradioactive tyrosine and, after deamination, analyzed on a Northern blot with a radiolabeled oligonucleotide probe directed against the 3' end of the tRNA (5'GTGGTCCTTCCG GCCGGAATCGAA3').
RESULTS
Genetic approach. As an experimental approach, to directly demonstrate mitochondrial RNA import, T. brucei was transfected with a marked copy of its own tRNATYr gene, whose transcript was previously shown to be present in both the cytosol and the mitochondrion. tRNATYr was chosen because, unlike most other tRNAs, it is encoded by a single-copy gene (15) . To discriminate the tRNA transcribed from the transfected gene from the endogenous one, it was necessary to tag its gene by mutations. Since tRNATYr contains an intron (12, 18) , mutations which led to the accumulation of unspliced precursor tRNA were introduced (18) . The modified gene product could therefore be identified both by its different size unspl iced mut tRNA Unspliced mutant tRNATYF cofractionates with mitoplasts.
To test whether the mutant gene product is imported into mitochondria, cytosolic and mitochondrial fractions were prepared from wild-type and transformed cells. The fractionation procedure involves initial hypotonic lysis of the trypanosomes, which disrupts the outer membrane of the mitochondria and converts them into mitoplasts (2, 10) . This fact was confirmed by measuring the activity of inner membrane-localized succinate-cytochrome c reductase. The activity of that enzyme did not change when assayed in the presence or absence of detergent, indicating the absence of an intact outer membrane (data not shown). RNA extracted from cytosolic and mitoplast fractions was analyzed by Northern hybridizations with specific oligonucleotide probes. Unspliced mutant tRNA was detected uniquely in the transformed strain, in which it was found in both the cytosol and the mitoplasts (Fig. 2A) ; mature wild-type tRNA was detected in all fractions in both cell types. The ratios of tRNATYr in the cytosol versus the mitoplasts were comparable for mature wild-type and unspliced mutant tRNAiYrs (Fig. 2B) . Cross-contamination of the fractions was negligible, MOL. CELL. BIOL. as assessed by hybridization with probes specific for mitochondrial 9S rRNA and cytosolic 5S rRNA. These experiments demonstrate that a significant amount of unspliced mutant tRNATyr, like its mature wild-type counterpart, fractionates with mitochondria.
Unspliced mutant tRNATY' is localized in the mitochondrial matrix. If unspliced mutant tRNATYr is indeed transported across mitochondrial membranes, it should resist enzymatic hydrolysis in intact mitoplasts. Approximately 60% of both mutant and wild-type tRNATYrS from the mitoplast fraction was found to be resistant to micrococcal nuclease treatment, unless the mitochondrial inner membrane was disrupted with 1% Triton X-100 (Fig. 3) . Since a similar percentage of the mitochondrial 9S rRNA was also resistant, we presume that the 40% signal reduction was due to mitoplast leakage during the incubation. Figure 3A , bottom panel, shows that the small amount of cytosolic 5S rRNA which contaminated mitochondria was reduced by 90%. Since mitochondria fragment and reseal during the hypotonic isolation procedure (2, 10), the remaining 5S rRNA found in nuclease-treated mitoplasts may have reflected molecules which became trapped during organellar fractionation. Microscopic examination revealed no evidence for contaminating nuclei in the organellar fraction. In addition, the pores present in the nuclear membrane allow free High-molecular-weight RNAs derived from both unspliced mutant and spliced wild-type tRNATyrs were detected in mitoplasts of the transformed strain. Duplicate Northern blots were prepared containing 0.8 ,ug of cytosolic RNA (CYT) and 4 ,ug of mitoplast RNA (MIT) from the transformant (TRANS). These blots were probed with either the oligonucleotide specific for unspliced mutant tRNATYr (mut tRNA) or the oligonucleotide specific for mature wild-type tRNA>r (wt tRNA). To reveal minor tRNATyr species, the blot was exposed 10 times longer than those in Fig. 2 and 3 . Double arrows on the left indicate precursor bands derived from unspliced mutant or mature wild-type tRNA'r, which differed by the length of the intron. Highmolecular-weight bands specific for unspliced mutant tRNA are indicated by the vertical line. Molecular size markers (in base pairs) (pBR322, MspI digest) are indicated on the right. diffusion of low-molecular-weight proteins, like micrococcal nuclease, so nuclear RNAs would be digested. This suggestion was confirmed by Northern analysis, in which no U6 small nuclear RNA, a nuclear marker, could be detected in the mitoplast fraction (data not shown). It is therefore concluded that nuclease-resistant unspliced mutant tRNATYr is localized inside the inner membrane in the matrix of the mitoplasts and consequently represents imported molecules.
Mitoplasts contain high-molecular-weight forms of tRNAIYr. Extended exposures of Northern blots containing cytosolic and mitochondrial RNAs and probed with oligonucleotides specific for either spliced wild-type or unspliced mutant tRNATYr revealed high-molecular-weight forms of tRNATYr which were restricted to the mitoplast fraction (Fig.  4) . The existence of mitoplast-specific high-molecular-weight forms of tRNATYr in transformed cells, which contained the mutations introduced in vitro, supports the conclusion that the molecules found in mitoplasts are imported into the organelle and do not represent cytosolic contaminants. A set of bands detected with a probe specific for unspliced mutant tRNATYr exhibited a similar pattern but with a slightly decreased mobility when compared with the wild-type forms of tRNATyr (Fig. 4, double arrows) acrylamide concentration in the gel (data not shown); their molecular weights may therefore not be reflected by their mobilities. In addition, bands which were specific for mutant tRNATYr were detected. The structures of these high-molecular-weight forms of tRNA"9r are not known; preliminary primer extension analyses suggest that they contain 5' extensions of the tRNA (data not shown).
Unspliced mutant tRNATY' cannot be charged with tyrosine.
The cotransport model postulates that tRNAs are imported as complexes with proteins. Possible candidates for such cotransporters are the cognate synthetases. It has therefore been suggested that aminoacylation of tRNA may be coupled to its import (22) . The import of unspliced mutant tRNA'r in the transformed cell line has clearly been established; it was therefore of interest to find out whether the mutant tRNA could still be charged. To do so, total RNA was isolated from either the wild-type cell line or the transformed cell line and charged in vitro with tritiated tyrosine and commercially available yeast aminoacyl synthetases. Mature wild-type tRNATYr present in both the wild-type and the transformed cells could easily be charged. Unspliced mutant tRNATYr however, could not be aminoacylated under identical conditions (Fig. 5A) . The presence of unspliced molecules in the transformed strain was confirmed by Northern analyses of duplicate samples charged under identical conditions with nonradioactive tyrosine (Fig. 5B) 
DISCUSSION
Evidence for tRNA import into mitochondria is quite widespread; it has been postulated for a number of plants, some protozoa, and even S. cerevisiae (5, 14, 16) . However, nothing is known about the signals and the mechanism of this process because almost all evidence for mitochondrial RNA import is based on indirect data. In only one system, Solanum tuberosum, has import directly been proven by genetic transformation with a heterologous tRNA gene (21) . The production of transgenic plants is tedious and time-consuming; therefore, a system which is easier to manipulate would be of great advantage for the study of mitochondrial RNA import. The protozoan T. brucei provides such a system; it can easily be genetically manipulated, and stable, transient, and plasmidbased transformations are possible (1, 6, 17) . Trypanosomes have the additional advantage that the entire set of mitochondrial tRNAs is postulated to be imported.
We have established an in vivo system for studying mitochondrial RNA import in T. brucei: introduction of a mutagenized tRNATYr gene into the trypanosomal nuclear genome by homologous recombination and recovery of the predicted mutant gene product inside mitoplasts directly prove the import of tRNA into the mitochondrion and exclude the alternative explanation that this tRNA is created by extensive modification of a transcript from a cryptic mitochondrial gene. Unspliced mutant and spliced wild-type tRNATYrs behave similarly in terms of localization, nuclease sensitivity in isolated mitoplasts, and the presence of mitoplast-specific high-molecular-weight forms, indicating that both mutant and wild-type forms are imported. The data also show that both mitochondrial and cytosolic tRNATYrS in T. brucei are encoded by the same nuclear gene. Whereas the present data demonstrate that tRNATYr is imported into mitochondria, the possibility cannot be excluded that other mitochondrial tRNAs are created by RNA editing.
The fact that an intron-containing tRNA is imported is unexpected, since splicing is a nuclear process (4). It appears that mutant tRNATYr does not interact with the splicing machinery and therefore is able to escape from the nucleus to the cytoplasm. Once in the cytoplasm, it is imported into the mitochondrion with an efficiency comparable to that of spliced wild-type tRNATYr. This fact indicates that the import system tolerates significant deviations from the classic tRNA structure, at least within the anticodon loop.
High-molecular-weight forms of both spliced wild-type and unspliced mutant tRNATYrS were detected exclusively in the mitochondrial fraction. This finding is consistent with the results reported by Hancock et al. (9) describing a population of long tRNA molecules in T. brucei mitochondria that were converted to mature forms by treatment with E. coli RNase P. The structure and sequence of the high-molecular-weight forms of tRNATYr are not known. Primer extension analyses have indicated that these forms are in part due to 5' extensions. The speculation has been that these high-molecular-weight molecules represent precursor forms of tRNATYr and that the 5' extensions may target them to mitochondria. The in vivo import system offers an excellent tool for testing this hypothesis.
In vitro experiments show that unspliced mutant tRNATYr cannot be charged with tyrosine by use of yeast synthetases. The substrate used in our in vivo import system therefore represents an uncharged tRNA, assuming that the unspliced tRNATYr is not being charged in vivo in the homologous system. In contrast, for S. tuberosum, direct evidence for the import of a heterologous tRNA has been presented. That tRNA, however, could still be charged in vitro (21) . It therefore appears that in trypanosomes, the charging of tRNA is not coupled to mitochondrial import. The in vivo import system is easy to manipulate and should allow us to identify the structural and sequence requirements for tRNA trafficking between the nucleus and the mitochondrion. Genetic transformation of trypanosomal mitochondria is currently impossible; in vivo import of RNAs may therefore provide an alternative tool for manipulating mitochondrial gene expression, for example, by use of antisense RNAs. Such an approach would require the insertion of defined foreign sequences into the imported tRNAs. The experiments presented in this study show that in principle this approach is feasible, since the import of a mutated intron sequence of 11 nucleotides, which is not found in the mitochondria of wildtype cells, has been achieved.
